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Introduction
Cardiovascular diseases remain the leading cause of mortality, and heart failure (HF) therefore represents a major health and economic burden as well as a challenge in therapeutic management (Go et al., 2014; Bui et al., 2011; Braunwald, 2013) . For a large proportion of patients, a heart transplant is not available and pharmacological treatments are not efficient enough. In these cases, implantation of ventricular assist devices (VADs) is considered either as a lifeprolonging therapy, a bridge to transplant or, in some cases, as a definitive implantation (Heidenreich et al., 2013; Seyfarth et al., 2008) .
Over the past few years, LVAD has certainly shown clear properties in improving quality of life (Rogers et al., 2010; Stewart and Givertz, 2012) , however, attachment of the device to the heart remains a debated and critical issue (Bernhardt et al., 2015; Charitos and Sievers, 2010) . In order to minimize the risk of myocardial tearing and bleeding the device is fixed and secured to the ventricle with U-suture using polytetrafluoroethylene (PTFE) pledgets to spread and reduce the mechanical stress. Despite numerous improvements, debate about the risk and optimization of LVAD attachment is still ongoing (Bernhardt et al., 2015; Hanke et al., 2016) . The LVAD surgical implantation remains a complex procedure that requires good knowledge of the technique and great dexterity. Among all the aspects of this procedure, the suture of the device to the myocardium is crucial because it might impact both T acute and long-term success of the LVAD therapy. That is why the study of the myocardium in response to stress and, in this particular case, to suture materials still presents great interest as a solution to analyze and optimize LVAD suture. The modeling of the left heart and related mechanical behaviors of heart muscle in response to multi-axial traction, compression and shear stress remains a challenging topic due to the complexity and specific mechanical characteristics of the myocardium (Humphrey et al., 1990a) . Biaxial and shearing explorations have been widely used to investigate such parameters, but accurate data are somewhat impaired by the method of performing the tissue gripping and the nature of heart samples. In papillary muscle, a highly specific heart structure, some authors have however found good correlation between uniaxial tensile strength response and hyperelastic models (Humphrey et al., 1990b; Hassan et al., 2012) . Recently, numerical models for heart simulations (Nash and Hunter, 2000; Baillargeon et al., 2014; Smith et al., 2011; Horowitz et al., 1986; Sermesant et al., 2006) have been developed to describe myocardial tissue with multiple levels of complexity (Pinto and Fung, 1973) . Most of the models provide an exhaustive description with a large number of parameters. However, these models, which are frequently performed on a specific area of heart tissue, are rather complex to use and hard to implement in terms of calculation time (Stevens and Hunter, 2003; Sommer, 2013; Huyghe et al., 1991; Lin and Yin, 1998) . Nonetheless, the use of numerical simulation and more precisely of finite element analysis (FEA) seems of great interest. We hypothesize that numerical data on the stress fields near myocardial sutures may be used to determine minimal spacing between sutures to prevent excessive stress concentrations.
To our knowledge, no previous study has reported data relative to a numerical model adapted to myocardial suture.
On the other hand, the literature about suture materials has provided only generic data with global stress studies (Naleway et al., 2015; Paez et al., 1994) . Again, no study on the impact of suture material on the myocardium has been found.
In this paper, we first intended to establish an isotropic constitutive law with a small number of reliable parameters from uniaxial tensile tests. Following a similar methodology to that which was used to study tendon suturing (Rawson et al., 2015) , we hypothesized that numerical simulation using finite element analyses (F.E.A.) of sutures may provide new data to evaluate the anchoring of a device into the myocardium. Moreover, recent communications from the U.S. Food and Drug Administration (FDA) have confirmed a firm intent to include simulation in the development cycle of biomedical devices (Morrison et al., 2017; Malinauskas et al., 2017) . This kind of analysis is cost-effective and allows a drastic reduction in the number of animals required.
The study herein describes a numerical model for left myocardial suture evaluation based on:
• Characterization of mechanical properties of the left passive myocardium by uniaxial tensile strength testing.
• Evaluation of mechanical resistance of a U-suture in left myocardium samples.
• Setup and validation of a finite element model (FE) for left myocardial suture study.
With the help of the model hereby presented, we aim to provide a numerical tool for the assessment of stress concentrations caused by suture into the left ventricle. The investigation of the stress fields should allow us to define a numerical threshold for suture spacing.
Materials and methods

Study design
This study proposed to investigate local stresses around the sutures following a myocardial suture as described for a LVAD implantation. Following a similar methodology to that reported by Rawson et al. (2015) , both experimental and numerical investigations were simultaneously conducted to show the limitations of a single experimental evaluation and highlight the contribution of a numerical model to improve the reliability of these investigations. To setup the Finite Element Model (FEM), myocardium uniaxial characterizations were performed. A synthetic diagram of this strategy is presented in Fig. 1 .
Harvest and shaping of ventricular wall samples
Pig hearts were surgically harvested at the School of Surgery using the facilities of operating rooms (OR) under the supervision of staff certified in experimental animal surgery (authorization number 54-96, Dr. Nguyen Tran). All procedures followed the NIH guidelines of the Guide for the Care and Use of Laboratory Animals and were in accordance with French legislation (Ministerial Authorization n°C54-547-5). Cardiac explantation was performed on animals previously anesthetized and used for training purpose in order to follow the Reduction rule provided by the 3 R's guidelines (Bratcher and Reinhard, 2015) . Precautions were taken to preserve myocardial integrity as well as mechanical properties.
A total of 14 pigs (aged 3-5 months, weighing 45 ± 5 kg) were premedicated with midazolam (1 mg/kg, im) and ketamine (10-20 mg/ kg, im). Anesthesia was induced with propofol (100 mg, iv) and maintained (30 mg/h, iv) during the whole procedure. Analgesia was obtained by administration of sufentanyl after catheterization of the right internal jugular vein.
Following surgical guidelines (Humphrey et al., 1990b) , a median sternotomy was performed, and the pericardium was opened. Then, the ascending aorta was cross-clamped, and the heart was arrested with a 50-100 ml intracardiac injection of a solution with high potassium concentration. Hearts were harvested and rinsed immediately with cold Krebs-Henseleit buffer (4°C) to remove blood and clots before complete immersion in this solution. Harvesting procedures were systematically performed less than 4 h before mechanical assessment.
Left myocardial tissue (20 × 30 mm 2 ) was excised with transmural incisions through the anterior aspects of the left and right ventricles as seen in Fig. 2 . In order to closely simulate the surgical features of a LVAD implantation and minimize the influence of wall thickness discrepancies, a senior cardiac surgeon validated the location of ventricular sampling sites. For each heart, one sample of left ventricle was obtained. For suture testing (n = 6), raw samples were prepared with suture material.
For tissue characterization (n = 8), the heart section of interest was trimmed and shaped to obtain a parallelepiped of 10 × 30 × 5 mm 3 in line with previously published studies (Forsell and Gasser, 2011) . Specific shape was designed to get proper tissular gripping and ensure that rupture would occur in the center of the sample and not beside the clamps.
Testing apparatus and methodology
A tensile strength testing device (10 kN, ERIKSEN, Germany) was used with a constraint gauge for the strength measurement and a Linear Variable Differential Transformer (LVDT) to assess the displacement (Gefram, Italia). Fig. 3 illustrates a schematic view of both configurations selected for this study. Trials were performed at a speed of 10 mm/minute, which corresponded to a strain rate ε̇of 0.006 s −1 to preserve relevance with the size of the samples as reported in similar publications (Forsell and Gasser, 2011) .
Both parameters were recorded in real-time with a National Instruments acquisition card and LabVIEW software (National Instruments, Switzerland) with a custom LabVIEW application (VI) designed for this experiment with 50 acquisitions per second.
Both tensile and suture strength testing were performed on this device with differences in the clamping method, using ( Fig. 3a ) two metal plates fixed to each other for tensile testing and (Fig. 3b ) fastened with suture material. Methyl cyanoacrylate glue was used between clamps and samples to prevent slipping.
The main goal of these trials was to collect uniaxial stress-strain data for calibration of the model and setup of FE simulation. Published studies on a large panel of soft biological tissues have investigated on uniaxial experiments (Baillargeon et al., 2014; Bratcher and Reinhard, 2015; Forsell and Gasser, 2011) . Heterogeneous results were reported, consecutive to variable methodologies. Therefore, we decided to carry out dedicated experiments to ensure consistency within this study.
Mean value of the thickness of each sample was used for this study, since ventricular thickness was not uniform with the transventricular samples.
In order to collect comparable data from all samples, a specific protocol for the surgical sutures was designed. The distance between entry points of the U-suture through the piece of medical grade PTFE pledget (15 × 25 × 0.5 mm 3 ) and the free border of the sample was set to 10 mm. Stitches were performed using a 3-0 non-absorbable polypropylene suture. Depth of the sutures within the left ventricular myocardium resulted from the achievable distance run by the needle (about 10 mm deep).
Once prepared with the standardized pledgeted U-suture, the sample was positioned and secured with five ligature knots. A symmetrical positioning was adopted to avoid artefacts and excessive stress that might result from embedding the sample in a fixed jaw.
Finite Element Model (FEM) setup
Finite Element Modeling (FEM) and simulation were performed using Abaqus 6.14-5 (SIMULIA, Dassault Systèmes, USA) Explicit Package. For time optimization purpose, only a quarter of the experimental trial was simulated, then two symmetry planes were used along the Z and Y-axis. Model size was set to 15 × 25 × 15 mm 3 for the myocardium and to 12.5 × 15 × 0.5 mm 3 for the pledget (Fig. 4a and b). Suture diameter was set to 0.245 mm, corresponding to the 3-0 polypropylene suture (Naleway et al., 2015) , typical suture material used in the operating room. An overall displacement of 25 mm was imposed at the top of the suture (Fig. 4b) .
Myocardium density was set to 1.053 g/ml following the methodology used in several publications on either rats (Vinnakota and Bassingthwaighte, 2004) or human (Katz et al., 1988) . Following data from the literature (ASM International, 2009), the pledget was setup as an elastic material with a density of 2 g/cm 3 and a Young Modulus of 550 MPa. Suture wire material data were extracted from the literature (Naleway et al., 2015) , density was set to 0.403 g/cm 3 and Young Modulus to 745.6 MPa.
A hyperelastic isotropic material was used to describe myocardium behavior and its parameters were computed from myocardium tensile test. General contact formulation between wire and heart tissue was setup with a 0.005 friction coefficient based on the work of Rawson et al. (2015) . Myocardium and PTFE pledget were tied to simplify model contact.
PTFE Pledget and Polypropylene suture were meshed using respectively 229 and 264 C3D8R hexahedral elements. Left ventricle myocardium was ideally meshed with hexahedral elements. The part was split in three domains, the external bulk myocardium (5460 C3D8R elements), the internal contact sheath (1480 C3D8R elements) and an intermediate domain. The latter pecific volume was meshed using tetrahedral elements (11,019 C3D4) was to be used to link hexahedral domains (Fig. 4c ). The internal sheath was created to optimize contact handling inside the simulation. Mesh convergence analysis was performed to ensure the accuracy of the simulation results. An increase of mesh densities of about 100% (number of elements), the maximum relative error on predicted force was found to be lower than 2%.
Calculation, fit and statistical analysis
Displacement and strength were collected from uniaxial tensile strength tests then converted to engineering and then true stress/strain curves when applicable. Numerical stress results were analyzed using equivalent Von Mises stress formulation.
Parameter fitting was performed using Abaqus Evaluate Toolbox. This specific tool was able to optimize parameters for several hyperelastic material laws and to choose the most stable and accurate behavior. The rupture strength (rupture point) was defined as the maximum recorded strength. Therefore, all data beyond the rupture point were excluded (or withdrawn).
Correlation between left ventricular thickness and rupture strength was calculated with GraphPad Prism (GraphPad Software, San Diego, California US). Numerical data from simulation were obtained using Abaqus Toolboxes and Python custom scripts.
Results
Hyperelastic numerical behavior
Experimental curves obtained by tensile tests are illustrated on Fig. 5a . The overall behavior of the left ventricle material was hyperelastic and led to progressive rupture for stress above 100 kPa. The dataset showed some variability due to the stochastic nature of biological specimens. However, global behavior was found to be very similar, and a mean trend can be deduced. Each curve was fitted by a second order polynomial equation = ⋅ + ⋅ σ a ε b ε 2 . Among the available hyperelastic material laws, the reduced polynomial formulation (Table 1. ) is found to provide numerical stability of the model at all strains. As illustrated on Fig. 5b , this specific hyperelastic law shows a perfect match with the previously computed mean curve. Parameters of the constitutive law are summarized in Table 1 .
The onset of sample damage starts for a von Mises stress above 150 kPa as shown on Fig. 5 .a. With a safety factor of 1.5, a statistical rupture threshold for the material was defined at 100 kPa (Fig. 5.a) as a limit beyond which rupture may statistically happen.
Mechanical study of a left ventricle U-suture
Suture strength testing was performed on six harvested pig hearts. An example of load-displacement curve from these tests was plotted in Fig. 6a . The overall trend presents a hyperelastic profile. Unlike standard tensile strength tests, it has not been possible to use stress versus strain curves due to the clamping method leading to a highly heterogeneous stress field. On the left of the marker, force increases uniformly with displacement. Beyond the marker, previous hyperelastic behavior was altered by the occurrence of tissue damage.
This led to the rupture of the myocardium sample at the maximumrecorded force. Thickness and rupture strength results for all samples are summarized in Table 2 .
The results from left ventricle sample suture testing have shown a mean rupture strength is 15.43 ± 3.658 N.
Correlation test between thickness and rupture strength has shown a positive relationship between these variables with a R 2 of 0.7131, illustrated in Fig. 6b .
Numerical simulation of a U-suture on the left ventricle
In order to validate our numerical simulation, comparison was made between the experimental response from suture tensile tests and the numerical response. Increasing displacement along the Y-axis was applied in the FE model at the top of the suture, reproducing the equivalent mechanical experiment. Imposed displacement was of 25 mm over the entire simulation time. Numerical simulation started to show instability induced by large strain at 50% of the simulation and was stopped at 75%. Therefore, we chose to use a value of t (percentage of achieved simulation) of 0.5 (with d = 12.64 mm; RF = 10.67 N) as our simulation end. Fig. 7a . shows a good match between the model and the experiment, therefore validating the reliability of our model. The maximal error remains under 0.5 N and the prediction remains correct until a displacement as large as 12 mm. For larger displacement, discrepancy occurs, and the simulation is not to be considered beyond this limit.
Assessment of the reliability was confirmed by looking at the peak stress (von Mises) inside model parts as shown in Table 3 . Using failure stress data of 48 and 493 MPa for the pledget and suture respectively (Naleway et al., 2015; ASM International, 2009 ), we assessed that stresses remain in the elastic domain for the elastic parts.
Simulation results showed expected stress concentration at the suture entry and exit point of the myocardium as illustrated in Figs. 7.b and 8.b. Despite a low friction coefficient (0.005 from (Rawson et al., 2015) ), we observed a movement of the surface near the suture at the top of the model. Fig. 8 shows the stress field and the stress triaxiality for the maximal displacement achieved with this model. Stress sharply decreased as a function of the distance from the suture point in each direction. For a distance further than 1 mm, the equivalent von Mises stress stabilized around 50 kPa, which was below the previously defined threshold (100kPa). The tissue close to the hole exhibited stress larger than the threshold and was visible at the center (Fig. 8b) .
The stress triaxiality factor map on Fig. 8c illustrates the type of mechanical loading. At the wire location, shear stress was predominant. The elements located farther from the entry point, the predominant stress turned to compression. For larger distances, the loading became gradually complex with a combination of shear and tensile strength.
Discussion
This study allowed us to extract two major findings that are (1) the ability to run a numerical model of the left ventricle tissue and (2) a computer-calculated threshold of 2 mm for the space between two adjacent sutures into the myocardium.
Model validation and limitations
Numerous numerical and finite element models of the heart or the myocardium are described in the literature; however, the overwhelming majority are either highly specific to a region (Hassan et al., 2012) , or complex to reproduce due to the use of a custom material law, for instance (Huyghe et al., 1991) . Material constitutive law with a higher level of complexity could enhance the reliability of simulation data but undoubtedly at a higher computational and experimental cost. The methodology and parameters described in this paper are meant to overcome such complexities by providing everything needed to run our model. The use of a widespread FEA package (ABAQUS, SIMULIA) and a built-in constitutive law are a way to provide a straightforward approach to left myocardium finite element analysis.
With the help of this Finite Element model, we investigated the stress concentrations occurring in the case of a LVAD suture on the left myocardium. The method used to fit experimental data of tensile strength to a stable hyperelastic law proved its efficiency. Indeed, as observed in the work of Forsell and Gasser (2011) on ventricle penetration, parameter identification from tensile trials is a commonly used technique. In our model, a reduced polynomial law of second order provided a sufficient degree of complexity to simulate the myocardium behavior for a suture displacement up to 12 mm.
Indeed, good correlation was found while comparing experimental suture data on left myocardium to the generated numerical model with an error of less than 0.5 N in this domain of interest. The previous study on tendon suture reported by Rawson et al. (2015) allowed them to highlight the good correlation that may be achieved between experiments and simulation as well as the predictive power of such numerical tools. In a similar way, the generation of simulated stress maps allowed us to confirm the reliability of our model and to extensively investigate the influence of the suture on the tissue. This is to our knowledge the first numerical simulation of left myocardial suture. This work reinforces the impact of finite element analysis when used to study surgical techniques.
When juxtaposing experimental and numerical results, we observed that mechanical suture trials were not able to provide as many parameters as the simulation does. Despite a robust methodology, the biological nature of the samples showed some variability (Fig. 5.b ) that may restrict a reliable analysis. The use of a constitutive law identified on a mean response of the tissue allows us to overcome this variability. One of the major strengths of the model is its ability to reproduce identical boundary conditions without the influence of the experimental setup. (Naleway et al., 2015) This numerical model should be considered with respect to its limitations and the assumptions that were adopted. Myocardium behavior is known to be highly anisotropic. An interesting way to improve numerical simulation would be to take in account fiber orientations as described in previous studies (Lombaert et al., 2012; Rohmer et al., 2007) . The visco-elastic or visco-hyperelastic behavior is also a planned improvement for this kind of FE simulation, as it would enable a timerelated approach of the tissue response. However, it is important to keep in mind that the balance between model complexity and computational cost is a critical parameter for simulation studies. The suture knot was not modelled, yet this is often the failure location of suture repairs (Naleway et al., 2015) ; however, our study focused on the stress in the myocardium tissue and not the suture itself, which would not be affected by this simplification.
Large deformations (observed above 12 mm of displacement in the present model) could not be studied in our simulations. Nevertheless, this limitation emerges from numerical instabilities of the finite element solver. This issue could be overcome by implementing damage behavior inside the model and/or ventricular failure simulation (Forsell and Gasser, 2011) .
Contribution of the model for myocardial suture assessment
Beyond the performance of our model, the major impact of this study is the emergence of a numerical threshold for suture spacing (Fig. 6a) . We were able to study stresses inside model elements in multiple directions from the suture entry point. We confirmed the occurrence of high stress next to the suture entrance in each of 4 directions (+X, -X, +Y, -Y). Moreover, we witnessed a rapid decrease in this stress as we looked further from the suture entrance. Almost no residual stress was observed further than one millimeter away from the entry point, as shown on Fig. 8a , even at the highest achievable displacement.
This limit was found to be equal to four times the suture diameter (0.24 mm in that case). This is the first step of a diameter-distance relationship for designing more secure and efficient heart sutures. These results encouraged us to define a minimum space of 2 mm between consecutive sutures to avoid stress overlap. However, precautions must be taken with this suggested threshold. This result may not be relevant for another suture thread, technique or on right ventricle myocardium.
Despite the existence of clinical studies on LVAD implantation (Seyfarth et al., 2008; Bernhardt et al., 2015) , no guidelines for the myocardial suture based on a numerical model could be found. The work presented by presented by Charitos and Sievers (2010) on a modified technique for LVAD implantation is a good example of what is usually found in the literature. As they present their methodology, they do not elaborate on the minimum spacing of 2.5 mm between two pledgeted U-suture that they recommend. Nevertheless, our numerical threshold is in good agreement with the LVAD implantation technique presented in their study.
In the work of Hanke et al. (2016) , the evaluation of four suture techniques is proposed for LVAD implantation. Whilst highlighting the crucial role of the suture technique, their methodology was only based on a visual examination and measurements of sutures on silicon dummies. Despite a relevant comparison of these techniques, no quantitative data are provided on stress concentrations whereas the evaluation of different suture techniques for LVAD implantation was the main topic.
We anticipate that surgical guidelines may benefit from numerical simulations to assess the best practices for suture placement. This approach falls within the current framework delimited by the FDA for medical device certification (Morrison et al., 2017; Malinauskas et al., 2017) but also fully respects the 3 R's guidelines on animal studies (Bratcher and Reinhard, 2015) .
Further work will also aim to extend the model's applications. Thus, several sutures could be evaluated and compared, therefore providing a better understanding of stresses occurring in LVAD implantation.
Conclusions
The proposed model gives access to an enhanced understanding of stresses and strains occurring during U-suture solicitation on the left myocardium. Uniaxial tensile trials were used to identify the mechanical behavior of left ventricle samples. The key-findings of the paper are (i) the identification of an hyperelastic reduced polynomial constitutive law for left myocardial tissue, (ii) the establishment of a finite element model accurately reproducing the global behavior described through mechanical suture assessment and (iii) the definition of a minimal suture spacing of 2 mm between adjacent U-sutures on the left myocardium.
The present work complies well with the current context of animal use reduction (3 R's guidelines) and with the inclusion of simulation work into the process of medical device certification (FDA guidelines). Anticipated applications are about designing more efficient and secure LVAD suture techniques and testing them with a numerical predictive approach.
